ABSTRACT Reliable, accurate and noninvasive methods for measuring lung function in infants are desirable. Electromagnetic inductance plethysmography has been used to perform infant spirometry and VoluSense Pediatrics (VSP) (VoluSense, Bergen, Norway) represents an updated version of this technique. We aimed to examine its accuracy compared to a validated system measuring airflow via a facemask using an ultrasonic flowmeter.
Introduction
Tidal breathing measurements and monitoring provide valuable information about lung function in infants, and can be used to evaluate lung development and management of respiratory diseases [1, 2] . However, these measurements are currently largely used as research tools because most techniques are complex and time-consuming, require sedation, or involve the application of a facemask that adds dead space and alters the breathing pattern of the infant [1, [3] [4] [5] [6] .
Electromagnetic inductance plethysmography (EIP) provides a relatively novel and noninvasive supplement to previous and more intrusive methods. The EIP system consists of an electromagnet and a patient vest encircling the torso in order to quantify chest and abdominal volume changes. It does not require sedation, and allows for continuous and prolonged recording of respiratory data without using a facemask. EIP can be seen as an extension of respiratory inductance plethysmography (RIP), a validated technique that has been available for decades [2, 7, 8] . The clinical use of RIP has been limited by complex calibration procedures, in contrast to EIP, which allows for simple and patient-independent calibration. FloRight (VoluSense, Bergen, Norway) was the first prototype to use the EIP principle, with several studies demonstrating its accuracy and usefulness [9] [10] [11] [12] [13] , although PETRUS et al. [14] reported relatively large tidal volume differences versus an ultrasonic flowmeter. VoluSense released an updated version of their method in 2015, called VoluSense Pediatrics (VSP), aiming to improve the accuracy of the volume measurements mainly by making changes to the patient vest and in the configuration of the magnetic field.
This study was performed in order to investigate the accuracy of tidal breathing parameters measured by VSP compared to a validated system measuring airflow via a facemask using an ultrasonic flowmeter, Exhalyzer D (Eco Medics, Duernten, Switzerland). We hypothesised that the differences between the two methods would be within 15% of each other, a range considered acceptable in a clinical setting. We also aimed to investigate how application of the facemask influenced the measurements.
Methods
Participants Newborn infants without a need for assisted ventilation or oxygen supplementation and with a weight ⩾2.0 kg were eligible. The weight limit was set because Exhalyzer D is not approved for children <2 kg. Only healthy children were recruited, as simultaneous measurements with two methods were expected to be somewhat cumbersome and time consuming. The participants were mostly recruited from the maternity clinic at Haukeland University Hospital, Bergen, Norway, and studied either just before discharge or when returning to the outpatient clinic for routine screenings. Six participants were recruited from the hospital's neonatal intensive care unit where they initially had been admitted for either prematurity, hypoglycaemia or suspected infection, but they were ready for discharge when measured. Informed written consent was obtained from the parents. The study was approved by the Regional Committee on Medical Research Ethics of Western Norway.
Equipment and modifications compared to the old EIP model VSP consists of a patient vest shaped as a rectangle and made from very elastic fabric with two thin conductive elements attached to the outside in a wide zig-zag pattern (figure 1). The upper zig-zag wire covers the chest and the lower the abdomen, enabling separate analyses and detection of thoracoabdominal asynchrony. The vest is wrapped around the torso of the baby and fastened with Velcro. An electromagnet positioned above the cot at a precise height and parallel to the baby's spine generates a weak magnetic field that alternates with a frequency of ∼100 kHz. The magnetic field induces a voltage in the metal wires of the vest that is proportional to the instantaneous average cross-sectional area of the torso covered by the wires, and increases and decreases proportionally to the infant's breathing movements. The system is initially calibrated against a calibration coil with a known area (A C ) positioned at the side of the infant in the cot to establish the relationship between the induced voltage (U C ) and this area. During measurements, the thoracic or abdominal volumes are calculated as
where U M is the voltage that is measured and W Z is the width of the zig-zag pattern of the conducting loop in the vest. According to Faraday's law of induction, the induced voltage of a conductor loop will be proportional to the area regardless of its shape, given a homogeneous magnetic field. The volume signal is converted by a computer into flow by numerical differentiation, and flow-volume loops and tidal breathing parameters are calculated [15] . All calculations and storage of raw data are performed at a rate of 100 Hz. The volume variations of the torso are assumed to be caused by variations in the volume of air in the lungs.
Compared to FloRight, which was described in detail previously [13] , VSP is different mainly in the design of the patient vest and in the configuration of the magnetic field, but these changes have also led to upgrades of hardware and software. For a detailed description of the differences between FloRight and VSP, please see the online supplementary material. An ultrasonic flowmeter (Exhalyzer D) with a flow head suitable for infants >2 kg body weight and a flow-range of ±0.5 L·s −1 was used as a reference method. The system was calibrated according to the instructions from the manufacturer with a 10-mL volumetric syringe. A neonatal facemask with soft edges allowing a good seal was applied. The total dead space of the system (including the mask) was 9 mL. Measurements were performed according to the latest European Respiratory Society/American Thoracic Society standards of infant lung function testing [16] .
Protocol/study design Validation of VSP was based on simultaneous measurements with VSP and Exhalyzer D, as illustrated in figure 2 . The effect of the facemask was assessed by comparing the VSP measurements obtained before to those obtained after the facemask was put on. The infants were dressed in the appropriate-sized vest selected according to the length from the armpit to the hip. Care was taken to ensure that the vest fitted snugly around the torso, and that the width of the copper wire zig-zag covered the entire thorax and abdomen including the pubic region. The vest was applied directly to the skin; neither a body nor a nappy was worn underneath, but a nappy and a warm blanket were put on outside the vest. The infants were fed before being placed supine in a cot and encouraged to sleep. No sedation was used. Once the infant fell asleep, data were collected with VSP alone for 2-3 min. The VSP measurement was continued while the Exhalyzer D neonatal facemask was placed gently, but firmly, over the infant's mouth and nose, ensuring a good seal. Once the facemask was in place, a marker was inserted in the VSP recording. The Exhalyzer D measurement was started ∼30 s after the facemask was put on, to allow adaptation to the facemask. Simultaneous recording using both devices was then performed for ∼1 min before the mask was removed. New markers were inserted in the VSP recording as the Exhalyzer D measurement was started and stopped.
Data analysis
The markers in the VSP recording (figure 2) enabled visual identification of the corresponding respiratory cycles from the VSP and the Exhalyzer D recording. This allowed for comparison of the same flow, volume and timing parameters from each device. Segments with movement artefacts, apnoeas or sighs were removed from both recordings before the breathing segments were analysed using the software provided by the respective manufacturers.
Effect of the facemask was assessed by comparing the breathing parameters obtained from the VSP before versus after putting on the Exhalyzer D mask.
Electromagnet (antenna)
Elastic vest with conductive elements Calibration (vest) box FIGURE 1 Schematic drawing of the VoluSense Pediatrics (VoluSense, Bergen, Norway) measurement system. The supine infant is wearing an elastic vest with conductive elements. An electromagnet positioned above the cot at a precise height generates a weak magnetic field that induces a voltage in the metal wires of the vest. This voltage is proportional to the cross-sectional area of the torso, and will increase and decrease proportionally to the breathing movements of the infant. The system is initially calibrated against an area reference coil positioned at the side of the infant. A computer controls the system during collection and logging of data.
Statistical methods
Data were analysed and graphs were created with SPSS version 22 (IBM SPSS Statistics, Armonk, NY, USA) and MedCalc version 13.1 (MedCalc Software, Mariakerke, Belgium).
We constructed Bland-Altman plots to visualise agreement between the two measurement techniques [17, 18] . After the inclusion of 18 cases, the Bootstrap resampling method [17] was used to estimate the number of participants needed in the study. We concluded that the reliability of the 95% limits of agreement would not improve by including >30 participants in the study. One-sample t-tests were used to assess if the mean differences between data obtained with the two methods differed significantly from zero, indicating the presence of a consistent bias. To evaluate the existence of proportional bias, i.e. that the methods did not agree equally through the range of measurements, the difference between the methods was regressed on the average of the two methods. To evaluate the effect of the facemask, we compared the means of the different breathing parameters from the VSP recording with and without facemask using paired sample t-tests.
Results
Participants 30 infants with postmenstrual ages ranging between 36 and 43 weeks and a weight range of 2.3-4.8 kg were studied. Their characteristics are shown in table 1. Successful simultaneous measurements were obtained for all participants. In 14 cases, the simultaneous measurement was successful at the first attempt; in 13 cases, at the second attempt; and in three cases, at the third attempt. The most common cause of unsuccessful measurements was babies waking up, disapproving of application of the facemask. Other causes were movement artefacts in the VSP recordings or obvious mask leakage in the Exhalyzer D recording. . This corresponds to a difference of −3.0% and limits of agreement within ±16.0% ( figure 3a and b) .
Mean minute ventilation was 3.8% lower for VSP and the difference was consistent based on a one-sample t-test (figure 3c). Measured respiratory rates differed by <1% (figure 3d). PTEF was higher when measured by VSP than by Exhalyzer D; on average, the difference was +5.0%. The difference was consistent but with a relatively large standard error and wide limits of agreements (figure 3e).
Time to peak tidal expiratory flow (tPTEF)/total expiratory time (tE) ratio differed, on average, by −5.4% (VSP minus Exhalyzer D), with limits of agreement of ±18.0% (figure 3f). Regression analysis revealed a small proportional bias of the mean difference ( p=0.0008, regression slope 0.51 and r 2 =0.33). The inspiratory time (tI)/tE ratio and the tidal expiratory flow at 50% of expired volume (TEF50)/PTEF ratio both corresponded well, with small mean differences (−3.1% and −3.0%, respectively; VSP minus Exhalyzer D) and relatively narrow limits of agreement ( figure 3g and h) . A small proportional bias was found for both parameters (p=0.005, regression slope 0.23 and r 2 =0.25; and p=0.034, regression slope 0.38 and r 2 =0.15, respectively).
Influence of the facemask
Application of the facemask significantly increased the tidal volume and the minute ventilation. tPTEF, tI/tE and TEF50/PTEF were also significantly increased. No difference was found for respiratory rate or tPTEF/tE (table 2) .
Discussion
The principle of EIP, as utilised by VSP, accurately measured tidal breathing parameters in infants when compared to data obtained from Exhalyzer D, which is based on measuring airflow through a facemask. Mean differences for all tidal breathing parameters were within ±5.5%. The limits of agreement between the two methods were within ranges that, in our opinion, were acceptable given a clinical context, with the possible exception of PTEF. Application of the facemask significantly increased tidal volume, minute ventilation, tPTEF, tI/tE and TEF50/PTEF.
Comparison of the two methods and possible influences
This is the first published study using VSP, and thus, comparison with previous validation data is impossible. However, compared to results from previous validation studies of FloRight, the results generated by VSP are just as accurate. PETRUS et al. [14] included 37 infants in their study and found that tidal volumes, on average, were 1.3 mL·kg −1 lower using FloRight compared to an ultrasonic flowmeter and a facemask. This contrasts with the results of OLDEN et al. [9] , who compared FloRight to an ultrasonic flowmeter, and the results of WILLIAMS et al. [11] , who compared FloRight to a pneumotachograph. Both these studies found close agreement between the methods. It also contrasts with the difference of 0.15 mL·kg −1 that was found in the present study testing VSP. However, substantiated by these findings, and considering the fact that it is difficult to completely avoid a mask leak, which will lead to the opposite volume bias, both FloRight and VSP probably measure volumes that might be somewhat lower than the actual volumes. The most plausible reason for this is the inability of the vest to capture breathing movements at the top of the thorax, above the armpit level, as well as at the back towards the underneath surface where the magnetic field fails to create voltage changes. The accuracy of Exhalyzer D is, according to the manufacturer, better than 2% for flow-and volume-derived parameters, which is not expected to contribute substantially to the calculated mean differences between the two methods or to their limits of agreement.
For all parameters except tPTEF, tI/tE and TEF50/PTEF, we found a consistent bias, which means that the difference between the methods can be adjusted for by subtracting the mean difference from the VSP method. The proportional biases found for tPTEF/tE, tI/tE and TEF50/PTEF, which indicate that the limits of agreement will be wider as the numerical level of the pairwise mean increases, were small and probably of limited clinical relevance when testing infants.
Compared to the results of PETRUS et al. [14] , we found smaller mean differences but somewhat wider limits of agreement for all breathing parameters. In addition, OLDEN et al. [9] found limits of agreement for tidal volume and tPTEF/tE that were narrower than in our study. In the validation study by WILLIAMS et al. [11] , however, where FloRight was compared to a pneumotachograph, the limits of agreement were wider than in our study. In other words, studies comparing FloRight to either an ultrasonic flowmeter or a pneumotachograph show divergent results regarding the variability between paired measurements. This is as expected, as the studies have all used different "gold-standard methods". It should be emphasised that no gold-standard method can be expected to produce a "true value" for infant airflow variables. Thus, the limits of agreement reflect how much the two methods differ from each other for most individuals, not how much VSP differs from the true value. For PTEF, the limits of agreement were relatively wide in the present study, indicating that the differences between the two methods varied relatively much among the participants. One possible explanation may have been variable degrees of air leakage through the Exhalyzer D facemask, which is most likely to occur during peak expiration and therefore particularly likely to influence PTEF. The VSP recordings may have been influenced by unnoticed and variable use of accessory respiratory muscles being incorrectly recognised as thoracic volume changes, although most such artefacts are easily recognised. Moreover, the VSP measurements could have been influenced by variable displacement of venous truncal blood volume into the head and limbs during respiration. VSP calculates flow from volume changes based on the assumption that all internal volume variation of the torso is caused by airflow within the respiratory system, and that all such airflow induces corresponding external volume variations of the torso. These are small but not insignificant simplifications that can explain some of the discrepancies we found for most of the tidal breathing parameters. Precise control over these issues requires whole-body plethysmography.
Software differences are also a potential source of bias that may influence the agreement between the two measurement methods. Determining the beginning and end of inspiration and expiration is a well-known problem when it comes to computer-based analysis of tidal breathing [18] . We believe that Exhalyzer D interprets the start of expiration slightly later than VSP. Such phase shifts can explain some of the minor differences found for tPTEF/tE, tI/tE and TEF50/PTEF.
Strengths and limitations of VSP
The major weakness of the EIP method is the high sensitivity to a poor fit of the vest. It must be applied directly to the skin, as the fabric has to enclose the skin tightly with no wrinkles. Any body surface moving with respiration that is not sufficiently covered by the vest will lead to an underestimation of measured volumes. As a consequence, the infants must have their hips extended during the measurements, because flexion of the hips will cause folding of the fabric. The experience of the personnel performing the measurements will therefore have an impact on the accuracy of the results [13] . Skin lesions like surgical wounds, gastroschisis or stomas and drainage tubes will limit its clinical application.
The major advantage of the method is the avoidance of a facemask. This allows extended recordings in babies who are respiratory unstable or use equipment that may preclude the use of a facemask, primarily continuous positive airway pressure (CPAP) or high-flow nasal cannulas (HFNCs). In accordance with previous studies, we found that applying a facemask significantly increased minute ventilation [2, 4, 7] . This finding is physiologically plausible and most likely explained by increased dead space ventilation induced by the facemask or by tactile stimulation of the facial skin. We found that parameters reflecting airway obstruction, i.e. tI/tE and TEF50/PTEF, were also significantly increased by the facemask. We believe that this apparent "anti-obstructive effect" was caused by a slight positive expiratory counter pressure generated mainly by the resistance of the flowmeter. This might increase the average diameter of small and medium-sized airways, and thereby cause tE to decrease and TEF50 to increase, which is in accordance with our findings. Conclusions VSP accurately measures tidal breathing parameters if used correctly by experienced personnel. As inductive plethysmography does not involve a facemask, it can be applied in infants needing respiratory support such as CPAP and HFNCs. Thus, VSP is likely to be well suited for neonatal intensive care units and hospital wards treating children with pulmonary illnesses such as bronchiolitis. However, validation studies and normative data from children of all weight classes, and by gestational age, weight and sex will be needed. The validity of the relatively few existing sets of reference equations for infant spirometry parameters is probably limited to the methods that were used to obtain them [19] [20] [21] .
